The influence of osmotic potential (Ws) on in vitro growth and morphology of four isolates of Macrophomina phaseolina was studied using potato-glucose-agar adjusted to different osmotic potentials with KCl, NaCl and sucrose. The effect of NaCl on M. phaseolina pathogenicity in common bean was determined and then related to the pathogenicity of each isolate on seeds of 12 differential common bean cultivars. The three sources of Ws reduced M. phaseolina growth under in vitro conditions, whereby NaCl caused the highest negative effects. The high solute concentrations reduced the synthesis of mycelial pigments and the size and shape of microsclerotia. Pathogenicity of M. phaseolina in common bean seeds was reduced by high concentrations of NaCl but no relationship was found between the tolerance to high Ws concentrations under in vitro conditions and M. phaseolina pathogenicity in common bean seeds.
Introduction
Charcoal rot is caused by the imperfect fungus Macrophomina phaseolina (Tassi) Goid. [Synonymous Rhizoctonia bataticola (Taub.) Butler] (Abawi and Pastor-Corrales, 1990 ) and causes significant grain yield losses in different Mexican crops, such as common bean (Phaseolus vulgaris L.), soybean [Glycine max (L.) Merr.], sorghum [Sorghum bicolor (L.) Moench] and sesame (Sesamum indicum L.) under variable climatic conditions (Dı´az, 1992) . The global impact of charcoal rot on crop production is highly variable and depends on different biological and physical factors. Some studies have suggested that charcoal rot development is favoured by combined stresses such as high temperatures and water deficits (Diourte et al., 1995; Mayek-Pe´rez et al., 2002) .
Macrophomina phaseolina survives in soil mainly as microsclerotia. These microsclerotia are the primary source of inoculum. Microsclerotia are formed on host tissues and are then dispersed to the soil after the host plant has died. Microsclerotia are vegetative propagules highly resistant to unfavourable climatic conditions , and can survive from 3 months to 3 years under such stress conditions. In addition, the fungus can be spread by contaminated seeds, which are also a source of inoculum for the spread of the pathogen (Abawi and Pastor-Corrales, 1990) .
Osmotic potential has been identified as an important parameter in the ecology and growth of plant fungi. Soilborne fungi show variable metabolic responses, growth patterns and reproductive strategies in response to variable soil water potential conditions. Decreasing osmotic potential reduces growth by increasing respiration rate and the energy is diverted away from fungal growth in order to maintain the turgor of hyphal cells. Determination of the increase in the linear dimension on an agar medium is the simplest method to measure fungal growth. Radial colony growth is usually a reliable parameter to measure the effect of an environmental variable on the growth of fungi, although this does not take into account changes in hyphal density or specific growth rate (Subbarao et al., 1993) . Shokes et al. (1977) and demonstrated a negative effect of water potential on M. phaseolina growth, microsclerotia production and germination. However, the relationship between the reaction to variable osmotic potential conditions and pathogenicity have not been characterized in this fungi.
This work was carried out in order to characterize the effects of variable osmotic potential on in vitro growth, morphology and pathogenicity of M. phaseolina and to determine the relationship between the reaction to variable osmotic potential and the pathogenicity of charcoal rot in common bean.
Materials and Methods

Variation of osmotic potential
The effect of osmotic potential on in vitro growth of four isolates of M. phaseolina was analysed using potato-glucose-agar (PGA) synthetic medium, adjusted to different KCl, NaCl and sucrose concentrations. Isolates were obtained from bean plants collected in Me´xico (Mochis ¼ Los Mochis, Sinaloa and ICTA-2 ¼ Cotaxtla, Veracruz) and Brazil (MF-02 ¼ San Antonio de Goia´s, Goia´s and MF-06 ¼ Formosa, Goia´s). Isolates were maintained on PGA at 4°C and were transferred to fresh medium as needed. The effect of 10 different concentrations of KCl, NaCl, and sucrose (50, 100, 150, 200, 250, 300, 350, 400, 450 and 500 mm) were evaluated in different experiments and a control (0 mm) was included in each experiment. Osmotic potentials for the three solute sources (Table 1) were calculated using the equation described by Papendick and Campbell (1981) , and expressed as J kg )1 . PGA discs of 1 cm diameter with 5 days of fungal growth of each isolate were obtained and then transferred to Petri dishes containing PGA adjusted to each solute concentration. Each experiment (solute) was randomized in a completely randomized design with five replicates at each treatment. Petri dishes were sealed and incubated at 30°C. The average diameter of the fungal colony was registered every 24 h and data were used to calculate the relative growth rate (RGR) of the colony (Mayek-Pe´rez et al., 1997) . After the evaluation of the three solute sources of osmotic potential, the effect on in vitro growth of five NaCl concentrations (0, 250, 500, 750 and 1000 mm) (Table 1) was determined. Experimental design, methodology and variables measured were as described above. Each experiment was concluded on the fifth day, and then mycelial and microsclerotia samples were obtained from each treatment and fixed on synthetic resin for their observation under a light microscope.
Effects of NaCl concentrations on Macrophomina phaseolina pathogenicity in common bean seeds Seeds of BAT 477 and Pinto UI-114 common bean cultivars were sterilized using 2% NaOCl for 5 min. Seeds were dried using sterile paper and then placed on Petri dishes containing PGA on which M. phaseolina had been grown for 4 days. Each M. phaseolina isolate has cultivated under five NaCl concentrations: 0, 250, 500, 750 and 1000 mm. Petri dishes were incubated for a further 4 days at 30°C. Treatments (combination of 1 isolate · 1 NaCl concentration) were randomized using a completely randomized design with five replicates and the experimental unit consisted of five seeds. Pathogenicity was recorded on the fourth day of incubation using the scale described by Manici et al. (1995) (Table 2 ). Severity indexes were calculated for each treatment. We took values of 0-2 as resistance reaction and 3-5 as susceptibility reaction to charcoal rot.
Pathogenicity of Macrophomina phaseolina on common bean cultivars with variable response to charcoal rot Pathogenicity of the four M. phaseolina isolates was evaluated on 12 common bean differential cultivars (Mayek-Pe´rez et al., 2001) . Seeds of resistant (TLP 19, BAT 477, N 8025, SEQ 12, G 19428, G 4523) and susceptible (Azufrado Tapatı´o, Rio Tibagi, Bayo Durango, Pinto Villa, Bayo Mecentral, Pinto UI-114) cultivars were kindly supplied by Dr Jorge A. Acosta-Gallegos (Bean Program, Instituto Nacional de Investigaciones Forestales, Agricolas y Pecuarias, INIFAP, Celaya, Me´xico). Seeds were sterilized using 2% NaOCl for 5 min. Seeds were dried using sterile paper and were placed on PGA medium containing a 5-day-old colony of each M. phaseolina isolate. Petri dishes were incubated for a further 4 days at 30°C. Treatments (combination of 1 isolate · 1 differential cultivar) were randomized using a completely randomized design with two replications and the experimental unit consisted of 10 seeds. Pathogenicity was registered on the fifth day of incubation using the scale of Manici et al. (1995) ( Table 2 ). Severity indices were calculated for each treatment. We took values of 0-2 as resistance reaction and 3-5 as susceptibility reaction to charcoal rot. 50  235  236  126  100  467  470  254  150  695  701  382  200  920  932  512  250  1146  1146  643  300  1370  1394  774  350  1544  1624  907  400  1818  1854  1041  450  2041  2085  1176  500  2265  2320  1311  750  -3507  -1000  -4716  -Table 2 Scale for evaluation of Macrophomina phaseolina pathogenicity in common bean seeds (Manici et al., 1995) Data from all experiments were subjected to analysis of variance (anova). When anova detected significant differences between treatments, Tukey HSD values (P £ 0.05) were calculated for mean separations. Statistical analysis was performed using sas 6.12 (SAS Institute, Cary, NC, EUA) software for Windows.
Results
Effects of variable osmotic potential on in vitro growth of Macrophomina phaseolina A variable response of M. phaseolina to each osmotic potential source was found. Similar diameters of fungal colonies were found to be 300 mm KCl, and small decreases in diameter were detected for all isolates. However MF-06 exhibited the greatest colony diameter as compared with other isolates on 350 mm KCl (Fig. 1a) . NaCl caused greater reductions on in vitro growth of charcoal rot than KCl or sucrose. MF-06 showed tolerance to high concentrations of NaCl compared with all other isolates (Fig. 1b) . Sucrose did not cause significant reductions on in vitro growth of M. phaseolina at low concentrations, on the contrary colony growth was favoured by sucrose. Above 300 mm colony growth was reduced by sucrose and isolate MF-06 showed the greatest colony growth as under NaCl or KCl osmotic concentrations (Fig. 1c) .
On the other hand, the RGR of colonies showed differences depending upon the osmotic potential source. All M. phaseolina isolates showed similar values of relative colony growth rate (RCGR) regardless of whether they were cultured on sucrose or KCl sources, but differences in RCGR were found under NaCl conditions, with isolate MF-06 showing the highest RCGR (Fig. 2) .
Given that NaCl caused the greatest negative effects on charcoal rot development, NaCl concentrations were increased to evaluate the effect on M. phaseolina development under in vitro conditions. Concentrations of NaCl higher than 250 mm showed significant reduction of M. phaseolina growth in all isolates, while 1000 mm of NaCl inhibited growth completely. MF-06 showed the greatest colony growth up to 750 mm, but at 1000 mm MF-06 colony growth was inhibited (Fig. 3) . A similar pattern was found when the RCGRs were analysed, as MF-06 exhibited the greatest RCGR compared with the other of M. phaseolina isolates (Fig. 4) .
NaCl effects on Macrophomina phaseolina morphology
Morphology of charcoal rot microsclerotia was modified as the NaCl concentration increased. The size of microsclerotia was reduced (from 500 to 750 mm) or production of microsclerotia was inhibited (1000 mm NaCl) (Fig. 5) . Colony morphology was modified due to NaCl, as isolates Mochis and ICTA-2 grown in presence of NaCl showed a regular colony growth pattern with two zones. The inner zone exhibited low aerial mycelium production, and high production of pigments; while the outer zone showed a higher production of aerial mycielium and low production of melanin. As NaCl concentration was increased colony radial growth was reduced and aerial mycelium production was increased, particularly in the Brazilian isolates (MF-02 and MF-06). Isolate MF-06 showed the greatest capability for production of fluffy aerial mycelium, and the lowest synthesis of mycelial pigments (data not shown).
NaCl effects on Macrophomina phaseolina pathogenicity in common beans seeds Pathogenicity of M. phaseolina was reduced when NaCl concentrations were increased. Seeds of both common bean cultivars showed similar reactions to charcoal rot under different NaCl concentrations, although pathogenicity was more strongly inhibited in Pinto UI-114 at high NaCl concentrations as compared with BAT-477 (Fig. 6) .
Pathogenicity of Macrophomina phaseolina isolates on seeds of 12 differential common bean cultivars
Charcoal rot isolates from Mexico were more agressive to common bean seeds than Brazilian isolates. A similar pattern of pathogenicity between resistant or susceptible cultivars was found. Mexican isolates caused a susceptible reaction in 11 or 12 cultivars, while Brazilian isolates only induced a susceptible reaction in seven cultivars (Table 3) . Response to variable osmotic potential due to NaCl was positively but not significantly associated with charcoal rot pathogenicity in common bean, as correlation coefficients between pathogenicity data and colony growth data were lower than 0.12 in all cases.
Discussion
Sodium chloride, KCl and sucrose reduced in vitro growth of M. phaseolina, particularly in isolates MF-02, ICTA-2 and Mochis; while isolate MF-06 was tolerant to low osmotic potentials. Sodium chloride caused the greatest negative effects on M. phaseolina development. Variations in response to osmotic potential are not unusual, although isolates of soil fungi would be expected to respond similarly (Griffin, 1972) . Data from this work show the variation in response to variable osmotic potential in vitro of isolates within Macrophomina genus.
Concentrations of higher than 300 mm showed more negative effects than others on M. phaseolina growth. However, radial growth and RCGR were increased when the concentration of KCl or sucrose was Shokes et al. (1977) , and in other fungi such as Sclerotinia sclerotiorum (Grogan and Abawi, 1975) , Verticillium dahliae (Ioannou et al., 1977) , S. minor (Imolehin et al., 1980) , Botrytis squamosa (Alderman and Lacy, 1984) ; Fusarium oxysporum (Brownell and Schneider, 1985) ; Aspergillus niger, F. moniliforme and Paecilomyces lilacinus (Subbarao et al., 1993) . The amount of stimulation and the optimal water potential depends on the fungus, and other factors such as solute type, temperature of incubation and environment.
Negative effects by NaCl, KCl or sucrose were related to the modification of water availability in the medium; therefore, osmotic potential is lower in each fungal cell compared with the conditions of the agar medium. Solutes present in agar medium trap water molecules, therefore water will not be available to M. phaseolina. The energy spent by the fungus in order to obtain water molecules from the medium is increased as the solute concentrations in the agar medium increase. Thus, the fungus is obliged to reduce its growth rate under in vitro conditions. Sucrose did not significatively reduce in vitro growth of M. phaseolina, as it could be used as a source of energy, and its fermentation could provoke the synthesis of polyols in the cellular protoplasm, improving the enzymatic activity and increasing energy available to obtain water from the agar medium (Jennings, 1984; Whiting et al., 2001) . Na +1 and K +1 ions could have negative or positive effects on cellular metabolism. K +1 is found in high concentrations inside fungal cells and this characteristic could favour it as anion compatible to cellular development (Harris, 1981) . Na +1 is found in high concentrations outside fungal cells, and an increase in its concentrations could modify biochemical pathways involved in water transport in the cells. Stimulation of growth may result from uptake of the solute, which may lower the water potential of the protoplasm to a value more ideal for cellular processes or may increase turgor and hence acceleration of growth (Cook, 1981) . In addition, nonionic substances as sucrose increase osmotic pressure depending on each mole added; while an ionic substance such as NaCl or KCl will be ionized and will produce two moles: one of Na +1 and the other of Cl )1 . Osmotic pressure will be twice the original quantity of solute added. Thus, negative effects on M. phaseolina Reduced osmotic potential affected in vitro growth of M. phaseolina, but isolate MF-06 showed tolerance to stressed conditions. These data suggest that this isolate was able to maintain positive turgor for hyphal tip growth as suggested by the increase in radial colony growth. Fungal growth at low osmotic potentials must to be governed by osmorregulation (Amir et al., 1992; . Sclerotial formation could facilitate the maintenance of a quiescent viable state in the absence of either a suitable host or environmental conditions that favour saprophytic growth (Cook and Al-Hamdani, 1986) .
The morphology of charcoal rot microsclerotia was modified as NaCl concentration was increased, as the microsclerotia size was reduced or production was inhibited. Colony morphology was modified as the NaCl concentration increased, as radial colony growth and synthesis of pigments were reduced and aerial mycelium production was increased. Synthesis of melanin of microsclerotia of V. dahliae (Ioannou et al., 1977) and M. phaseolina was also inhibited as osmotic potential was reduced. Synthesis of melanin in sclerotia was reduced following an increase in solute concentration in agar medium, particularly in the case of NaCl. Sodium chloride could be toxic and modify the synthesis of melanin or the expression of genes related to the synthesis of the pigment (Ioannou et al., 1977; . Subbarao et al. (1993) observed that low water potential provoked the switch to the feathery pattern of mycelial growth in F. moniliforme. This pattern can be attributed to the ability for adaptation to dessiccating conditions (Griffith and Boddy, 1991) . The switch in some mycelial fungi such as F. solani could be the result of increased K +1 uptake from the medium (Das, 1991) as a strategy for adaptation to saline conditions. Charcoal rot pathogenicity was reduced as NaCl concentrations were increased, while charcoal rot isolates from Mexico were more aggressive than Brazilian isolates. This behaviour could be related to the origin of each isolate. While Mexican isolates were collected in tropical regions (states of Sinaloa and Veracruz), Brazilian isolates were obtained from temperate/ dryland regions (state of Goia´s). Macrophomina phaseolina isolates from tropical regions were more aggressive than those collected in arid or temperate regions of Mexico (Mayek-Pe´rez et al., 2001) .
Response to variable osmotic potential due to NaCl was positively but not significantly associated with pathogenicity of charcoal rot isolates in seeds of common beans. These data suggest that response to variable osmotic potential is independent of pathogenicity of charcoal rot in common beans and genes or mechanisms involved on control of these characteristics are different. Macrophomina phaseolina has been recognized as a drought-favoured pathogen (Shokes et al., 1977; Abawi and Pastor-Corrales, 1990) . Results of this work showed that charcoal rot can grow vegetatively under relatively low water potentials. The ability of M. phaseolina to grow in a wide range of water potentials in host tissues (Diourte et al., 1995; indicates the presence of adaptive mechanisms for life under variable environmental and host conditions. Adapting to a wide range of water potentials may be a strategy to exist as saprophyte or latent pathogen in host tissues. It may be possible for the fungus to continue vegetative development and grow under conditions of low moisture that would affect the host. The resistance of charcoal rot to low osmotic potentials could provide important insights into the development of the fungus under arid conditions. 1 Based on the scale described by Manici et al. (1995) . 2 Number of common bean cultivars that showed resistance (values from 0 to 2) or susceptibility (values from 2.1 to 5) to each isolate.
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